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Abstract

Various manifestations of the exchange interaction effects in magnetization curves of the CoPt
nanostructured particles are demonstrated and discussed. The inter-grain exchange constant 4 in
the sponge-like agglomerates of crystallites is estimated as 4 = (7 = 1) pJ/m from the approach
magnetization to saturation curves that is in good agreement with 4 = (6.6 = 0.5) pJ/m obtained
from Bloch T *? law. The fractal dimensionality of the exchange coupled crystallite system in the
porous media of the disordered CoPt alloy d = (2.60 + 0.18) was estimated from the approach
magnetization to saturation curve. Coercive force decreases with temperature as H. ~ T *? which
1s assumed to be a consequence of the magnetic anisotropy energy reduction due to the thermal

spin wave excitations in the investigated CoPt particles.



Introduction

Ordered fct (L1o) CoPt alloy is well-known for its chemical inertness and remarkable
hard magnetic properties. The combination of these properties is highly desirable for permanent
nanomagnets used in magnetic recording and biomedicine [1-3]. Coercive force, remanence and
energy product of isolated homogeneous CoPt nanomagnets is determined by saturation
magnetization and by magnitude and symmetry of the magnetic anisotropy energy. In practice,
both individual nanocrystals and CoPt particle-based media are characterized by various
structural and phase imperfections: different crystallographic orientations of the crystallites in
thin films and nanostructured alloys, phase composition inhomogeneity resulting from the
alternation of the ordered and disordered solid solution regions, antiphase and twin boundaries,
etc. These imperfections could be used to raise the coercivity due to domain wall pinning center
concentration increase in films [4—6] and could also raise remanence as a consequence of the
exchange interaction between nanophase regions of the CoPt ordered and disordered solid
solution [7-12]. In general, magnetic microstructure of the structurally inhomogeneous media is
significantly influenced by the exchange interaction leading to the formation of the magnetically
ordered regions with the characteristic length scale exceeding the typical size of structural
imperfections [13—19]. The effective magnetic anisotropy and the hysteresis loop shape would
then be determined by the intergrain exchange interaction [18-20]. Qualitative investigation of
the intercrystallite, intergrain or interphase interactions is frequently performed using the so
called remanence magnetization curves or Henkel plots [21-27]. These methods are suitable for
the weak interparticle ineractions case. However, they are sometimes used to estimate the
interactions between crystallites in the polycrystalline media [25,28,29]. The measurement of the
Curie temperature in the intergranular phase of two-phase material is also used for evaluation of
the intergranular exchange [30]. It is impossible to use it in the nanostructured CoPt particles,
because at temperatures comparable to the Curie temperature they undergo structural

transformations and their crystallites grow [31].



We will demonstrate in this paper an alternative approach to the investigation of the exchange
interaction effect on the approach of magnetization to saturation curve in the nanostructured
CoPt particles. In that case intercrystalline interactions are significant and comparable to the
intragrain interactions. This approach allows us to estimate quantitatively the exchange

interaction between crystallites and volume-averaged exchange over the whole sample.

Experiment

The samples of equiatomic CoPt nanoparticles were prepared by thermal decomposition of the
precursor compound [Pt(NH3)4][Co(C204)2(H20)2]-2H20 [32]. As-decomposed particles were
then annealed in helium atmosphere at 400°C, 500°C and 600°C during 2, 4, 8 and 16 hours.
Metal nanocrystalline powder was studied over the 20 range 5-120° on a DRON RM4 powder
diffractometer equipped with a Cu Ka source (A =1.5418 A) and a graphite monochromator for
the diffracted beam.

Powder diffraction patterns were measured at Cu Ka radiation. For further line profile analysis,
instrumental profile was measured using the coarse Si powder. We have not found any increase
in accuracy using the fine structure profile of the Cu K, doublet as proposed by Berger [33], so
we are using just Kq1/02 doublet in further modeling.

In order to perform the line profile analysis of the as-decomposed at 400°C CoPt nanoparticles
we have used the whole powder pattern modeling (WPPM) procedure described by P. Scardi and
M. Leoni [34] using its implementation in the PM2K package [35]. The key difference between
WPPM and well-known Rietveld method [36] is that in WPPM method line profile is modeled
directly in terms of physically meaningful parameters, such as particle size distribution,
dislocation density, stacking/twin fault probability. However, peak intensity has no direct
physical meaning in WPPM. In the Rietveld method one has to use an arbitrary line profile
model with a possibility to refine structural parameters in terms of peak width dependence on the

scattering vector, and peak intensity has direct physical meaning. Rietveld method is associated



with well-known line profile analysis methods, such as Williamson-Hall or Warren-Averbach
plots with a variety of modifications, but all these model have to rely on peak width determined
using arbitrary bell-shaped function. WPPM approach is superior to these methods.

Magnetic measurements were made by SQUID magnetometer on the base of MPMS and
vibrating sample magnetometer (VSM) PPMS - Quantum Design magnetometers. The powder
sample was fixed in the wax matrix to avoid particle displacement in VSM cell. Wax used to fix
the powder is characterized by small paramagnetic response. This signal was measured

separately and then subtracted.

Results and discussion
XRD and TEM investigation of the CoPt particles reveals the following: individual CoPt powder
particle is a sponge-like agglomerate of nanocrystallites (Fig. 2). The nanocristallite size is about
few nanometers, while the size of the whole agglomerate could exceed 500 nm.
X-ray powder diffraction patterns for selected CoPt samples during annealing at 400°C and
500°C are shown on the figure 2. The amount of L1lo phase increases as annealing time is
increased, occurring faster at 500°C. Peak breadth also decreases as annealing proceeds,
indicating formation of larger crystallites. We need the structural data and crystallite sizes for
further discussion. The best fit shown on fig. 3 corresponds to the FCC disordered CoPt solid
solution phase with average crystallite size determined to be D =(2.7 £0.1) nm. These 0.1 nm
error 1s related to the least-squares estimation of the particle size distribution parameters by
fitting the lognormal distribution to the XRPD pattern, but of course it does not indicate the
monodispersity of the sample up to an angstrom. Crystallite is defined as a coherently scattering
domain and is unrelated to the observed on the TEM images nanometer sized aggregates of
crystallites. Crystallites may contain both ordered L1 and disordered Al regions [37].

The hysteresis loop shape transforms during annealing, with increasing coercivity H. and

squareness M,/M; (Fig. 4). The coercivity growth is observed up to 16 h of annealing at 500 °C



(po-He=1.42 T) and up to 8 h of annealing at 600 °C (pno-H. = 1.37 T) followed by decrease after
annealing at 600 °C during 16 h (po-H. = 0.82 T). Squareness of the loop (M,/Mj) has increased
after the first stages of annealing and stays at the 0.70 £ 0.05 level afterwards.
Structurally inhomogeneous crystallites with the size less than 10 nm have almost uniform
magnetization [38]. In this case one can characterize crystallite using single easy magnetization
axis [38]. In the ensemble of non-interacting uniaxial crystallites M,/M, = 0.5 is expected [39].
Remanence enhancement is usually attributed to the intercrystallite exchange interaction
effects [9,40]. Estimation of the magnitude of these exchange interaction effects could be
performed by the analysis of the approach magnetization to saturation curves [17]. However, the
analysis could be done only in the reversible high-field regime. This condition is completely
satisfied in case of as-prepared CoPt sample, and its magnetization curve in the approach to
saturation regions is shown at Fig. 5 in double logarithmic scale in order to visualize power-law
behavior of the M(H) curve. Note the change from M(H) ~ H 7 in the vicinity of Hz below 3 T
to the M(H) ~ H > behavior above 3 T . This is how magnetization is expected to approach
saturation in the exchange-coupled system of randomly oriented crystallites [13,14,17,41].
According to [13,17,42] the high- and low-field regime for the approach magnetization to
saturation law should be distinguished. Magnetization curve in H> Hr = 24/M-R:* range is
determined solely by competition between the energy of the external magnetic field with the
magnetic anisotropy energy and thus allows to determine the latter from the experimental M(H)

curve by fitting it with Eq.(1)[13,17,42—44]:

M(H):M{l—i( 2-K ” (1)
|7 105 (M, -H

Here A is the exchange constant, R. is ‘‘structural correlation length’’ or the average crystallite
size D = R., M is saturation magnetization, K is magnetic anisotropy constant in crystallite. The
factor of 2/105 in the eq. (1) corresponds to the cubic magnetic anisotropy in the FCC CoPt

crystallites. By fitting M(H) in the eq. (1) in the field range from 3.5 to 5 T (where according to



fig. 5 the M(H) ~ H * relation holds) and using M, =(0.67 £0.03) MA/m, we have estimated
K=(24+02)10° J/m’.
Because the exchange field is defined as po-Hr = 24/MyR., we use it to estimate 4 [13,45-47].
Using po-Hr=(3.0+0.1) T (according to fig. 5), M= (0.67 £0.03) MA/m, and the crystallite
size D = (2.7 £ 0.1) nm determined from XRD for CoPt particles, we estimate exchange constant
Aas A= (noHg "Ms)-D?/2. The result is A = (7 £ 1) - pJ/m.
According to [14,17,41,48], in materials with randomly oriented local easy magnetization axis
approach to saturation behavior below the Hr is:

MH) =M (1 - caH™) (2)
The exponent here is o = (4 - d )/2 and it depends on the dimensionality of the exchange coupled
crystallites system [14,17,41,48]. The value of the exponent obtained as a result of M(H) fitting
in the field range from 0.5 to 2 T (where according to fig. 5 power law M(H) ~ H ™ holds) is
estimated to be o = (0.70 = 0.05). The corresponding dimensionality could then be estimated as
d=(2.60 = 0.18). The determination of the dimensionality is far from trivial when it comes to
sponge-like structures whose fractal dimensionality may well have non-integer value.
The fractal dimensionality d estimated there is an average over large number of exchange
coupled volumes with uniform orientation of local easy magnetization axis. In nanostructured
media this volume naturally corresponds to a crystallite. Dimensionality in this case is
determined as d = In(N)/In(L,/D), where N is the number of crystallites with size (D) inside the
magnetic correlation length (L). It is assumed that the magnetization of the coupled crystallites
with size (D = 2.7 nm) is correlated on a length scale L,, > D. This assumption is justified in our
case, because it is the necessary condition to observe the M(H) ~-H ™ power law in the fields

below Hr [17,41,45]. What is more, this assumption can be verified quantitatively. According to
the random magnetic anisotropy model L,, can be estimated as L, = §-(8/D)"*, where & = \g

[13,41,49]. Using previously determined exchange constant 4, anisotropy constant K, crystallite



size D and dimensionality d we obtain an estimation for the L,, =20 nm. It follows that N> 1,
and L, contains several crystallites of size D. In the high field region (approach of the
magnetization to saturation) L, decreases as field increases, and approaches D as field
approaches Hg. This is the underlying physics behind the model in eq. (2) [17,50]. The
dimensionality determined in this way characterizes the scale invariance of the nanostructured
media on a length scale from 3 to 20 nm.
Note also that identification of the integer-valued dimensionalities of either the non-uniform
anisotropy or magnetic correlations from the approach of magnetization to saturation is known in
the literature for 2D, 3D and 1D systems of exchange coupled grains [14,17,41,51-53]. In the
paper [54] fractal dimensionality of the nanogranulated medium near the magnetic percolation
threshold was estimated using the same approach. We assume that the deviation of the
dimensionality determined in this paper from the integer values is related to the nanoporosity of
the medium. The point is that presence of pores decreases the number of crystallites N in the
volume with size L, and finally for fixed L., and D the resulting d = In(N)/In(L./D) is lower than
in the continuous medium, where d = 3. Estimation for d = (2.60 + 0.18) for medium shown on
fig. 1 thus seems to be plausible.
Another way usually used for exchange constant determination is fitting M(7) dependence in low
temperatures by Bloch 7 ¥ law [55]:
172 3/2
M(T)=M, 1—2.612(M) ("B—Tj
EWp 8n4
3)

Temperature dependence of magnetization in as-prepared CoPt sample is well fitted by Eq.3
(Fig.6): Were 4 = (6.6 = 0.5) pJ/m, My = (42 = 2) A-m*/kg and p = 16040 kg m~> for CoPt. Note
that exchange constants estimated in two different approaches are in good agreement. The

deviation from the Bloch law below 50 K similar to that in our fig.4 in the low temperature range

were recently connected to the Bose-Einstein condensation of magnons in the nanostructured



ferromagnetic [56]. Another explanation is the possibility of the contributions arising from the
small particles, which are isolated from the agglomerate. For isolated CoPt nanoparticles with
sizes about 4 nm and below paramagnetic-like response is possible, which is related to the
temperature-activated particle remagnetization process [57].

In small particles H. could be decreased significantly due to thermal destabilization of the
magnetic moment of a particle. In nanostructured media it is possible to overcome this effect due
to the increase of the activation volume of the field-switched region resulting from the exchange
interaction between crystallites. Coercivity of our particles decreases slightly in the temperature
range 5 — 200 K and follows 73 law (Fig.7): H. ~ Heo-(1-C-T *?). This dependence is expected
for single-domain ferromagnetic nanoparticles, where H. is related to the magnetic anisotropy
energy as H.~ 2K/M; and thermal-activated switching doesn’t mean. According to the single-ion
anisotropy theory K~ M " [55]. Taking into account that in ferromagnetic materials in low
temperatures magnetization decreases with temperature according to Eq.3 and B-T3? << 1 the
following relation could be obtained: H. ~ H, ~M "' = My-(1-B-(n-1)-T*?). In addition, slight
decrease in H. with T allows extrapolation of the conclusions concerned with the exchange

interaction influence on the hysteresis loop shape to the near-room temperatures.
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Conclusions

The effects of the exchange interaction on the approach of magnetization to saturation curve of

the CoPt nanostructured particles are demonstrated and discussed. The investigation of approach



magnetization to saturation curves provides dimensionality d of exchange coupled crystallite

system and inter-grain exchange stiffness constant A: d = (2.60 + 0.18) and 4 = (7 £ 1) pJ/m that

is in good agreement with 4 = (6.6 + 0.5) pJ/m obtained from Bloch 732 law. Coercive force

decreases with temperature as H. ~ T ¥ which could result from the magnetic anisotropy energy

reduction due to the thermal spin wave excitations in the investigated CoPt particles.
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Figures

Fig.1 TEM images of the as-prepared nanostructured CoPt particles.
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Fig. 2 X-ray powder diffraction patterns of the CoPt nanoparticles annealed at 400°C and 500°C
with increased annealing time. Evolution of the diffraction patterns for given temperature with

annealing time indicates formation of the L10 phase and decrease in width of the peaks.
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Fig.3 Experimental x-ray powder diffraction pattern of the as-decomposed at 400°C CoPt

nanoparticles (black points) and the corresponding WPPM model (red line).



Fig.4 Transformation of the hysteresis loop measured at 5K in as-prepared and annealed CoPt
particles. Red open circles — as prepared particles (red filled circles — loop measured at 300K),

blue squares — annealed during 16 h at 500 °C, green triangles - annealed during 16 h at 600 °C.
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Fig.5 Field dependence of the magnetization for as-prepared particles near the saturation (double

logarithmic scale).
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Fig.6 Temperature dependences of magnetization for as-prepared particles at 5 T. Solid line —

Eq.3.
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Fig. 7 Temperature dependence of the coercivity in CoPt nanostructured particles, solid line —

H. ~ Heo(1-C-T3?).



